Microstructures are fabricated with a fast fabrication speed, submicron-scale precision and a minimum feature size of 1.5 μm. The proposed rapid prototyping fabrication method takes advantage of the maskless lithography technique based on a digital mirror device (DMD) and photocurable resin, which has a broad range of uses in three-dimensional (3D) printing. To illustrate the feasibility of this method, a Dammann grating is fabricated. Using a series of experiments and optimized designs, we analyze the characteristics of the photocurable resin, quantify the dose modulation for lithography and redesign the mask pattern. Consequently, a Dammann grating with a 50% diffraction efficiency is successfully fabricated, which can not only guarantee the precision but also maintain the fabrication speed. This work demonstrates the potential of this method to rapidly and directly manufacture binary optical elements or structures at the nanoscale based on photocurable resin and DMD-based maskless lithography.
Introduction
To meet the changing needs associated with the fabrication of optical elements, maskless lithography has been used for the fabrication of micro-and nanoscale structures. At present, several methods are used to fabricate binary optical elements, such as electron-beam (e-beam) lithography [1] - [3] , two-photon lithography (2PL) [4] - [6] , and scanning-probe-based techniques [7] , [8] . However, these maskless lithography methods have complicated processes, long manufacturing times and high cost. There is one maskless lithography method based on a digital mirror device (DMD) that broadly uses fabrication of micro-and nano-structures at present [9] - [13] . A DMD consists of an array of up to two million individually mirrors, which can replace the mask in mask lithography. Compared to conventional mask lithography, this virtual mask can change the image of the layer generated instantaneously. DMD-based maskless lithography is low cost and the image of the whole layer is generated at once, making it a much faster process. With the advancement of DMD-based lithography, a submicron structure has been achieved, showing the potential for nanoscale structures to be constructed using this inexpensive and efficient method. With the advancement in maskless lithography technology and 3D printing, customized aspheric imaging lenses have achieved success [14] . This success demonstrates the potential of this method to rapidly manufacture optical components or systems based on micro-stereolithography and photocurable resin. Photocurable resin has broad applications in the field of 3D printing and fabrication of microstructures [15] - [17] . However, there has been little research focused rapid prototyping of optical element on the microscale.
Here, to achieve a higher efficiency, we report a time-and cost-effective method for the fabrication of optical components using DMD-based lithography and photocurable resin. This procedure includes three steps. The pattern is created and transferred to a CAD file, and the computer converts the mask image into binary data to control the DMDs to generate a virtual mask. Photocurable resin uses DMD-based maskless lithography to generate the structure. The whole process of maskless lithography requires only 10 minutes. First, photocurable resin via spin-coating on a substrate. Then, it is exposed by DMD-based maskless lithography, and the structure is generated after development.
To illustrate the feasibility of the method, a Dammann grating is manufactured rapidly and directly by DMD-based maskless lithography and a photocurable resin. The Dammann grating, originally demonstrated by Dammann and Gortler [18] , can create an array of uniform intensity spots in the Fourier transforming plane. Dammann gratings are widely used in the fields of optical communication, optical computing, and image processing [19] - [21] . The Dammann grating is a typical binary optical element whose binary phase structure is easily fabricated by modern lithographic techniques [18] - [23] . However, the structure of the Dammann grating is complex. Because the quality of the structure is related to the optical performance of the Dammann grating, guaranteeing the quality of the structure is significant. Rapid prototyping enables hundreds of experiments to be conducted rapidly, and the experimental data are the basis for improving the quality of the structure. According to the experimental data and an analysis of the characteristics of photocurable resin, we modulate the exposure dose, redesign the mask pattern and improve the fabrication process to improve the performance of the Dammann grating, achieving a diffraction efficiency approaching 50% and a uniformity up to 19.3%.
Experimental Setup and Fabrication Procedure

DMD-Based Maskless Lithography System
A schematic of the DMD-based real-time maskless lithography system is shown in Fig. 1(a) . The basic components of the system are the exposure light source, the DMD chip, the objective lens and the working stage. A light-emitting diode (LED) with an output of 5.5 W is used as a near-UV light source with a wavelength of 405 nm. The exposure light source is optimized for high collimation and uniform illumination and then reflected on the DMD chip by a mirror. The DMD chip from Texas Instruments (TI) plays the role of a mask that reflects the near-UV incident light from the light source pixel-by-pixel to generate image frames; the DMD consists of 1560 × 1024 micromirrors, and each micromirror is 10.8 × 10.8 μm in our system. Every pattern on the DMD chip can be controlled by a computer, which is equivalent to generating a dynamic mask in real time. The computer converts the mask pattern into binary data and controls the DMD to generate corresponding images, replacing traditional physical masks. The uniformity with this maskless lithography is least than 4% and the depth of focus for this technique is 3 μm. The working stage has a travel range of 200 mm * 200 mm in the X-Y plane and 5 mm in the vertical direction with a resolution of 50 nm, which enables us to achieve a large exposure area over the substrate and a precise control of the focus. This lithography technique can generate features on the 2∼8 inch substrate and the maximum exposure area is 200 * 200 mm 2 . Fig. 1(b) shows the fabrication procedure based on DMD-based maskless photolithography with photocurable resin. This procedure consists of three steps: spin-coating, exposure and development. To determine the proper spin-coating conditions, the required information is gathered in experiments, as shown in Fig. 2 . The film thickness can be controlled from 2.7 μm to more than 100 μm. In the first step, the viscosity of this photocurable resin (90 cP) is higher than that of traditional photoresist. We need to increase the speed of the spin-coating to achieve the target film thickness. However, when the speed increases up to 5000 rpm, coating defects in the films will become problematic. The depth of the fabricated Dammann grating is limited by the performance of the photocurable resin and the experimental conditions. Otherwise, a thin hydrophobic layer of hexamethyldisilazane (HMDS) can adhere to the substrate and resin to make the substrate hydrophobic to improve the stability of the film and achieve a thinner thickness film [24] . In the second step, the substrate with photocurable resin is exposed to ultraviolet (UV) light with DMD-based maskless lithography, and the power of the ultraviolet light source is 5.5 W. After the UV source illuminates the DMD to expose the substrate, a photochemical reaction is induced, as shown in Fig. 1(c) . Next, the substrate is developed in propylene glycol monomethyl ether acetate (PGMEA) for 30 s. Finally, spin drying is employed to remove excess developer on the substrate, and a structure with a sharp surface is fabricated, as shown in Fig. 1(d) .
Design of the Dammann Grating
Many designs and fabrications of Dammann gratings have been introduced in recent decades [23] , [25] , [26] . In this work, Simulate Anneal Arithmetic (SAA) is applied in this design process, which has been widely used in the design of Dammann gratings [27] - [29] . SAA can find the global optimum of an objective function by a random search, has a strong local search ability and avoids falling into a local optimal solution. Finally, four mutation coordinates are attained, and the results are shown in Table 1 . The calculation results are in one-dimensional in terms of direction, and the operation of the orthogonal direction can extend to two-dimensional spaces. Next, the designed mask pattern was drawn in L-Edit, which is software for integrated circuit layout design developed by Tanner Research. A schematic of the Dammann grating mask pattern is shown in Fig. 3(b) . The device is designed to operate at a wavelength of approximately 850 nm. Thus, the depth for achieving a 2π phase modulation is h = λ/(n s − 1) 1.7 μm, where n s = 1.51 is the refractive index of the resin.
Experimental Exploration and Improvement
Photocurable resin is widely used by 3D printing. Catering for mass production and a wide variety of applications, the photocurable resin we use (Wanhao 3D Printing resin, Wanhao corporation) is very inexpensive and environmentally friendly. However, in terms of microstructure fabrication, the quality of the structures is limited by the resolution limit and curing shrinkage. Based on hundreds of experiments, an optimization of the design and fabrication process is proposed to improve the quality of the structure and the performance of the optics.
It is significant to analyze the dose modulation for building the required microstructures on the photocurable resin. Only the relationship between the exposure dose and the exposure height are quantified, and we can fabricate the appropriate structure. Therefore, we can achieve the designed height of the Dammann grating by modulating the exposure dose. The height of the Dammann grating relates to the diffraction efficiency, because the Dammann grating is a kind of transmissiontype phase grating. Thus, we measure the effect of the dose modulation before the fabrication process.
For this photocurable resin, the exposure threshold, Eth, is defined as the minimum exposure dose required for the initial reaction of the resin. Increasing this exposure dose, the height of the 
Several 1 mm * 10 mm rectangles with different exposure doses are exposed to the resin with a speed of 5000 rpm. After development, confocal laser scanning microscopy (CLSM, Olympus OLS4100) is used to measure the height of the structure for different exposure doses. Based on these experiments, the experimental data are processed. The contrast curves are obtained as shown in Fig. 4(a) .
The resin used in this fabrication process is photocurable resin, which can be identified from the relationship between the exposure dose and height, where the exposure threshold Eth and the contrast γ of the photoresist are 1.2 mJ/cm 2 and 0.2598, respectively, the maximum height of the development, H total , is 2.8 μm, and the required exposure dose is 61 mJ/cm 2 . Then, the exposure dose for the structure height can be calculated according to (1) and (2).
We can not only acquire the appropriate exposure dose but also indicate the performance of the photocurable resin from the contrast curve directly. In the region of a low-exposure dose, the contrast curve shows the sensitivity of the photocurable resin for the flare. As shown in Figs. 4(b) and (c), at the edge of the 'on' mirror, there is a clear reduction in the exposure intensity. The flare, which impacts the sidewall of the structure, exists at the edge of the 'off' area and the 'on' area. After the threshold of the initial reaction, Eth, there is an increased structural height with increasing exposure dose. In Fig. 4(d) , the flare with a low dose generates the footing of the structure in the 'off' area. With increasing exposure dose, there is a linear region. Then, in the area of a high-exposure dose, the contrast curve is nonlinear and generates the top rounding of the structure. The ideal sidewall is vertical without a top rounding and footing. However, in an actual experiment, the performance of the photocurable resin also affect the footing and top rounding. A higher contrast γ can achieve a weaker effect of the footing, a smaller top rounding and a steeper sidewall. In conclusion, we can deduce the performance of the photocurable resin according to the contrast curve. In addition, the performance of the resin and the resolution limit of lithography are critical to the limitation of the resolution in this method.
The Dammann grating is a composite structure that consists of many individual structures. The minimum structure is a 3.9 μm × 3.9 μm cuboid with a 1.7 μm height. The size is near the resolution limitation. The minimum gap between two individual structures is as short as possible. For example, in Fig. 3(b) , the gap between two corners almost disappears. When the size of the gap is smaller than the minimum resolution, the individual structure may combine, and the gap may disappear. The length of the gap depends on the achievable resolution limit. It is essential to quantify the resolution limit to ensure the minimum size of the gap and the structure. To quantify the resolution limit in this method, we fabricate a line array with different widths under the same illumination conditions. As shown in the CLSM image in Fig. 4(e) , the array of the 2.0 μm width line and 1.5 μm width line is shown clearly, but the 1.0 μm width lines are not achievable in an actual experiment. In Fig. 5(f) , a scanning electron microscopy (SEM, Hitachi S3400N) image shows that the line array with a 1.5 μm width and the gap between the lines is smaller than 1.5 μm. This indicates that the lines of the array intend to merge together with the decreasing width of line. In conclusion, the result indicates that the resolution limit is near 1.5 μm. Therefore, the gap between the two corners should theoretically be 1.5 μm.
For a large exposure area, the flare on the edge of the adjacent images will superimpose, which will increase the density of the flare on the edge. This will decrease the contrast of the structure and occur over the size of the structure. Consequently, individual structures adhere together, as shown in the CLSM image of CLSM Fig. 5(a) . Then, when the dose of exposure is too low, the size will decrease, as shown in the CLSM image of Fig. 5(b) . In addition, the flare in the corner of square shape generates the joining line between two corners, as shown in Fig. 5(b) . Hence, to decrease the flare, the mask pattern is divided into three layers, as shown in Fig. 5(c) . The first layer, represented by the light shape, was exposed first. Then, the second layer shown in gray was exposed. The overlapping of the spare flare at two corners can be avoided, which will produce a joining line connecting two corners. The last layer is that shown by the red shapes, which can decrease the spare flare in the gap between two large square shapes. Moreover, we redesigned the shape of the corners to avoid generating unnecessary a joining line, as shown in Fig. 5(c) . Sharp corners generate the joining line easily, but a round corner can produce a shorter distance between two corners without a joining line. Then, we designed a series of round corners with different corner radii. We fabricated and measured the corners in order to select an appropriate corner such that the distance between two corners was near the resolution limit without a joining line.
Moreover, because of the assembly of the molecules and the decrease in the intermolecular distances, photocurable resin will shrink after exposure. The curving shrinkage, a natural characteristic of photocurable resin, is a quantitative expression of the shrinkage in an experiment. In this work, the experimental shrinkage is 3.3%. The size of the designed large square shape is 34.83 μm, and the curving shrinkage can lead to a decrease in the size of the shape of approximately 1 μm. To diminish this effect, we enlarged the exposure area to offset the impact of the curving shrinkage by redesigning the mask pattern. Then, we fabricated and measured the structures to select the appropriate mask pattern.
Fortunately, with rapid prototyping, we were able to design different mask patterns in L-edit software, fabricate the structures and measured their properties within an hour. The fast fabrication procedure and flexibility of DMD-based maskless lithography are advantages of rapid prototyping that enable the fabrication of hundreds of different samples in a short time. This not only accelerates the process of research but also assists in improving the performance of optics based on extensive experimental data. With a continuous improvement in the design and fabrication, the diffraction efficiency of the Dammann grating and the uniformity of the light spot array have been improved. Later, continued improvements led to a doubling of the efficiency to 50%, and the uniformity reached 19%. Next, the results after the improvement are shown in detail.
Results
The resin was spin-coated on a glass substrate at 5000 rpm. Then, the thickness of the resin film was approximately 1.8 μm. Next, the mask pattern was exposed on the surface of the resin. After development in PGMEA for approximately 30 s and dry spinning, the surface of the Dammann grating was obtained as shown in Fig. 6(a) . CLSM was used to measure the profile of the Dammann grating, as shown in Fig. 6(b) and Fig. 6(c) . The measured width of the large square is 35.06 μm, and the designed width is 34.83 μm. Therefore, the deviation is approximately 230 nm (0.66%), which means that the error between the real profile and the design profile has been reduced effectively. Fig. 6(d) shows the sidewall of the structure. The decreasing process of the edge is approximately 1 μm. The top rounding and footing, which are related to the performance and sensitivity of photocurable resin, impact the contrast of the edge. Similarly, it also seriously impacts the gap between two corners. Fig. 6(e) shows the details of the corners and the obtained gap. In Fig. 6(f) , the profile of the gap shows that the distance is approximately 1.5 μm, and the top rounding and footing of the corners lead to a high edge contrast.
To estimate the optical performance of the Dammann grating, imaging experiments were carried out, as shown in Fig. 7(a) . In the imaging experiment, a laser beam at a wavelength of 850 nm was introduced to illuminate the Dammann grating. In Fig. 7(b) , a 5 × 5 light spot array with uniform intensity was captured by a charge-coupled device (CCD) placed behind the Fourier lens. Fig. 7(c) presents an image of the light spots and the intensity distribution. Fig. 7(d) shows an image of the normalized intensity of a single typical spot. The full width at half maximum (FWHM) for this light spot is approximately 22.5 μm.
According to the intensity distribution of light spot array, the intensity of each spot was shown clearly. The intensity of the light spot with maximum intensity is I max and the intensity of the light spot with minimum intensity is I min . The uniformity of light spots array was defined as:
7 Then, the uniformity u can reach 19.3% and the diffraction efficiency of our grating can reach 50.33%. But, as shown in Fig. 8(a) , the high speed of the spin-coating lead to coating defects thus non-uniform resin film generated. In Fig. 8(b) , it cannot generate the integrate structure on the rough surface. Therefore, adequately mixing the constituents in the resin before spin-coating is key to maintaining the stability of the resin. However, sometimes this is difficult to control, which impacts the shape of the structure and performance of the optics. The total area of the fabricated Dammann grating is 1 cm * 1 cm. This large-area grating always includes many defects, so the diffraction efficiency and the uniformity of the light spot array are reduced. However, if the speed of the spin-coating is reduced, the film will be thicker, and the structure will not achieve better. Therefore, enhancing the stability of the photocurable resin is important for the quality of the microscale structure.
Conclusions
In this work, we report a time-and cost-effective method for fabricating a Dammann grating using DMD-based maskless lithography and photocurable resin. This rapid prototyping method can directly manufacture the microstructure. The procedure only consists of three steps: spin-coating, exposure and development. It is significant to guarantee the quality of the structure so that the optical performance of the Dammann grating will be reliable. To improve the quality of the structure and the performance of the optics, we quantified the dose modulation in fabricating the required microstructures on the photocurable resin and analyzed the resolution limit to ensure that the minimum gap size and the appropriate structures were obtained. In addition, we optimized the design of the mask pattern to decrease the intensity of the superimposed flare on the edge of the image and the effect of the curving shrinkage of the photocurable resin. We demonstrated the capability of rapidly prototyping optical elements with submicron-scale precision and a minimum feature size of 1.5 μm, which offers a highly reliable solution for rapid prototyping of micro-optics from an optimized design. In addition, with continuous improvements in the design and fabrication, the diffraction efficiency of the Dammann grating and the uniformity of the light spot array were also improved. The diffraction efficiency of the grating could reach 50.33%, the uniformity was better than 20%, and the FWHM of this light spot was approximately 22.5 μm. In conclusion, this work demonstrated the unprecedented potential of photocurable resin and DMD-based maskless lithography for optical fabrication, which will further lead to many novel structures with a tremendous impact on the fabrication of nanostructure and binary optical elements.
